INTRODUCTION
It has already been demonstrated that computational fluid dynamics methods of two-and multiphase flows can be successfully used to perform multidimensional simulations of boiling channels and systems (Kurul and Podowski,1990 ), (Kurul and Podowski,1991) , (Anglart et However, the accuracy of such simulations strongly depends on the availability of mechanistic closure laws of local boiling mechanisms, especially inside the boundary layer near the heated wall.
Boiling heat transfer, especially pool boiling, has been studied extensively in the past and several different correlations (Rohsenow, 1952) , (Foster and Zuber, 1955) , (Jens and Lottes, 1962) , (Thom, 1966) , (Rohsenow, 1973) , (Bergles, 1992) , and models (Kurul and Podowski, 1990) , (Anglart et al., 1997) , (Podowski, M.Z. and Podowski, R.M., 2009) have been proposed. Extensive experimental data of Addoms (1948) for water, taken for a broad range of pressures, were compiled by Rohsenow (1952) using the following nondimensional variables The Addoms data compiled by Rohsenow is shown in Figure 1 .
Rohsenow also used the Addoms data to formulate the following correlation
The predictions using Eq.(3) are shown in Figure 1 as a thick solid line.
This correlation was later extended by Mikic and Rohsenow (1969) to other fluids and different surfaces, still assuming a pressure-independent value of the coefficient, Csf, in Eq. (3) . In this case, the goal was to improve the Recent progress in the computational fluid dynamics methods of two-and multiphase phase flows has already started opening up new exciting possibilities for using complete multidimensional models to simulate boiling systems. Combining this new theoretical and computational approach with novel experimental methods should dramatically improve both our understanding of the physics of boiling and the predictive capabilities of models at various scale levels. However, for the multidimensional modeling framework to become an effective predictive tool, it must be complemented with accurate mechanistic closure laws of local boiling mechanisms.
Boiling heat transfer has been studied quite extensively before. However, it turns out that the prevailing approach to the analysis of experimental data for both pool boiling and forced-convection boiling has been associated with formulating correlations which normally included several adjustable coefficients rather than based on first principle models of the underlying physical phenomena. One reason for this has been the tendency (driven by practical applications and industrial needs) to formulate single expressions which encompass a broad range of conditions and fluids. This, in turn, makes it difficult to identify various specific factors which can be independently modeled for different situations.
The objective of this paper is to present a mechanistic modeling concept for both pool boiling and forced-convection boiling. The proposed approach is based on theoretical first-principle concepts, and uses a minimal number of coefficients which require calibration against experimental data. The proposed models have been validated against experimental data for water and parametrically tested. Model predictions are shown for a broad range of conditions.
NUCLEAR ENGINEERING AND TECHNOLOGY, VOL.44 NO. 8 DECEMBER 2012 http://dx.doi.org/10.5516/NET.02.2012.720
accuracy of predictions by introducing several adjustable constants and varying the power coefficient to which the Prandtl number is raised in Eq.(1). However, the complexity of the proposed formula makes it practically impossible to identify and model the physical phenomena which affect, and govern, the efficiency of boiling heat transfer for specific situations.
Mechanistic modeling concepts have also been applied to capture local instantaneous aspects of wall heat transfer during the ebullition cycle , (Podowski, M.Z. and Podowski, R.M., 2009). In this approach, the time-dependent aspects of the non-boiling and boiling modes of heat transfer inside the boundary layer at the wall have been combined with conduction heat transfer inside the heated wall. The results of a study by Situ et al. (2007) , shown in Figure 2 , illustrate how this mechanistic model compared against a wide range of experimental data. Interestingly, practically all other comparisons shown in Figure 1 refer to correlations rather than to physicallybased models.
Because of its practical importance, forced-convection nucleate boiling has also been studied very extensively, resulting in the development of several correlations for wall temperature superheat in both subcooled and bulk boiling. In some of them, attempts have been made to separately account for the effects of single-phase convection and the evaporation heat transfer (Bergles, 1992) . Some others reflect the combined effects in a single expression for the wall superheat as a function of heat flux and operating conditions. Typical formulae are the JensLottes (1962) and Thom (1966) correlations. They are respectively given by:
and ∆T is in [K]. It turns out that both correlations agree reasonably well against data for low heat fluxes (although they normally slightly overpredict the wall superheat), whereas only the Jens-Lottes correlation is applicable to boiling heat transfer at high heat fluxes.
Both above mentioned correlations are considered to be applicable to both saturated (bulk) and subcooled boiling. This, in turn, confirms an important general experimental observation that for high heat fluxes the wall temperature in the subcooled boiling region is practically independent of the local liquid subcooling.
Detailed modeling of local phenomena of subcooled boiling in heated tubes or channels normally involves combining a multidimensional model of two-phase flow and heat transfer inside the channel with a model of coupled single-phase and boiling heat transfer phenomena in the near-wall region.
To model the local near-wall heat transfer (Kurul and Podowski, 1990) proposed an approach based on partitioning the total wall heat flux into three terms where q'' 1φ is the single-phase heat transfer component corresponding to the non-boiling sections of the heated wall, q'' 1φ is the quenching component associated with heating the liquid which approaches the wall after bubble departure, and q'' 1φ is the rate of heat transfer which is directly used to convert liquid into vapor at the heated wall.
MECHANISTIC MODEL OF POOL BOILING HEAT TRANSFER
The objective of this Section is to present a new mechanistic modeling concept for pool boiling. The method of analysis is based on upgraded and revised theoretical firstprinciple concepts originally introduced in , and its focus is on the effect of heat flux on wall superheat for a wide range of pressures. The proposed approach uses a minimal number of coefficients which require calibration against experimental data.
The nucleation process at the heated surface with cavities of various sizes can be illustrated using Fig. 3 .
The well-established theoretical condition for bubble nucleation from a cavity of any size is based on the observation that the vapor produced inside the cavity forms a hemispherical bubble outside the cavity. This, in turn means that the temperature of vapor inside the bubble (and of the liquid at the other side of the vapor/liquid interface at the top of the hemispherical microbubble) becomes equal to the liquid temperature inside the laminar boundary layer at the distance from the wall equal to the radius of the corresponding cavity. Starting with the Clausius-Clapeyron equation, the following expression can be derived for the minimum wall superheat at the onset of nucleation
The corresponding critical cavity size (see Fig. 3 ) can be evaluated from For well-established pool boiling, the actual wall superheat is significantly higher than the value obtained from Eq.(7). For a surface which contains a large spectrum of cavity sizes, the number of active cavities increases with the wall heat flux. This is illustrated in Fig. 2 , where the range of active cavities for a given wall temperature, Tw, is, rmin ≤ rc ≤ rmax.
For given: heat flux and critical cavity size, the actual range of active cavities can be determined in terms of the ratios: rmax/ro and ro/rmin as As it can be seen, the analysis performed so far has been based purely on theoretical considerations, without using any adjustable coefficients. Also, the only parameters in Eqs. (11) and (12) which have yet to be determined are: Cpb,m (for any given m) and/or Ψ. This, in turn, can be done by examining the experimental data shown in Fig. 3 for one pressure at a time.
A very important conclusion is obtained by rewriting Eq. (12) as Specifically, it can be readily noticed that the product, Cpb,mPr m , is independent of m and assumes a constant value for any given pressure. Furthermore, the coefficient, Ψ, defined by Eq. (10), is also a unique function of the system pressure. A plot of Ψ as a function of the relative pressure, p/patm, is presented in Figure 4 (a). The corresponding analytic approximation is given by As indicated above, the value of the coefficient, Cpb,m, depends on the choice of m. Whereas m can be selected arbitrarily (including m=1.7, which was originally proposed by Rohsenow), is useful for practical reasons to use a value which yields a convenient expression for Cpb,m 
as a function of pressure. One such choice is, m =0.95. In such a case, the resultant coefficient, Cpb can be approximated by
In general, the present analysis shows that pool boiling in water over a broad range of pressures can be predicted using a consistent theoretical model which requires only a single factor determined based on experimental data and given by Eq. (13) .
It should also be mentioned that the proposed model is valid for the values of heat fluxes for which the effect of single-phase natural convection becomes negligible. A typical minimum value applicable to all pressures is, q"≈ 10 6 [W/m 2 ], but for the near-atmospheric pressures its applicability extends to heat fluxes as low as, q"≈5·10 
FORCED-CONVECTION SUBCOOLED BOILING
The modeling of local phenomena of subcooled boiling in heated tubes or channels combines a system of multidimensional conservation equations of two-phase flow and heat transfer inside the channel with a model of coupled single-phase and boiling heat transfer in the near-wall region. It has already been shown that a multifield model of two and multi-phase flows provides an appropriate analytic tool for this purpose. The multifield modeling concept assumes that each phase is repre-sented by a separate field (or fields). In the case of subcooled boiling at a constant pressure, a two-fluid model of dispersed bubble flow can be used, given be the following set of mass, momentum and energy conservation equations (Podowski, 2009a) where k=l for the liquid field and k=v for the vapor field, α k , ρ k , -vk andhk are the volume fraction, density, velocity and specific internal energy, respectively, of field-k, -p the pressure, Γ k = -Γ l = Γ is the evaporation rate per unit volume, τ t k is the total shear stress, M i k is the total interfacial force, q t k is the local total heat flux, and the terms with the superscript 'i' represent the interfacial quantities.
It has already been shown ), (Podowski, 2012) that a consistent mechanistic model of subcooled boiling is obtained by replacing the original partitioning of the total heat flux proposed by Kurul and Podowski (1990) (see Eq. (6)) by the following expression where q'' B is the boiling component, and q'' 1φ is the nonboiling (or single-phase heat transfer component).
The single-phase component of the total heat flux in Eq. (20) can still be evaluated as suggested by Kurul and Podowski (1990) where A'' B, eff is the fraction of the heated surface which pertains to boiling, the subscript, 'l', refers to the liquid phase parameters at a near-wall location, and the remaining notation is conventional. It should be noted that in computational CFD-type models the liquid parameters are evaluate at the closest-to-wall nodal locations where they adhere to the "law of the wall" conditions.
The original portioning of the boiling heat flux into the evaporation and quenching terms (Kurul and Podowski, 1990) , (Kurul and Podowski, 1991) required that several phenomenological laws had to be used to achieve model closure. It turns out that the first principle mechanistic aspects of model formulation can be significantly enhanced by evaluating the boiling component from where Vb = πdb 3 /6 is the volume of departing bubbles, f is the nucleation frequency, and n" is the nucleation site density.
Several models have been developed to date for the equivalent bubble radius at departure. As can be seen in Figure 5 , the bubble diameter at departure, db, is mainly a function of system pressure and changes only slightly with the wall heat flux (at atmospheric pressure, a typical range is between 1 mm and 1 2. mm).
Similarly, the frequency of nucleation can be evaluated from one of the existing models, such as the Zuber (1962) model. The nucleation site density can evaluated using a modification of the approach proposed by to account for the effect of minimum wall temperature at which the nucleation starts where Tw min = Tsat + ∆Tw min and ∆Tw min is the minimum wall superheat at the onset of nucleation. is the actual bubble cross-section area. The coefficient, ε, in Eq. (25) can be determined using the conservation of energy principle given by Eq. (22) at the locations where the entire heated wall is subject to boiling heat transfer and where the boiling area fraction reaches a maximum value of one. Specifically, we write where n" max is the maximum nucleation site density corresponding to A'' B, eff = 1.
Substituting Eq. (25) Now, assuming that the bubble diameter and nucleation frequency are modeled separately, and that Tl and ul are known, the combined equations, Eqs. (22)- (25) and Eq.(28), with ε given by Eq.(27), yield a system of four equations with four unknowns: q'' B , Tw, n'' and A B, eff .
It is important to notice that in the subcooled boing region where the entire heated wall is subject to boiling, i.e., where A'' B, eff = 1, the liquid temperature inside the laminar microlayer at the wall stays close to the saturation temperature even though Tl < Tsat. Based on the recent theoretical studies of the ebullition cycle Podowski, 2012) it can also be shown that for this region a rigorous analytic relationship can be derived between the: boiling heating rate per single nucleation site, frequency of nucleation, and heated wall temperature where is the boiling heat transfer rate per single nucleation site.
Combining Eq.(30) with Eq.(23), for given Vb and f, allows one to evaluate the wall temperature (or superheat) as a function of wall heat flux. Note that in the region where A'' B, eff = 1 (including both subcooled and bulk boiling sub-regions), the wall temperature stays approximately constant along the flow. Naturally, this is true as long as nucleate boiling regime is maintained inside the heated channel.
To confirm the predictive capabilities of the model discussed above, it has been used to evaluate the wall temperature for two experimental data sets, each corresponding to different: geometry, pressure, flow rate and wall heat flux. In both cases, the position dependent nearwall liquid velocity and temperature were taken as numerically calculated by Kurul and Podowski (1991) at the nextto-wall nodal points (ul = uP and Tl = TP) using the model given by Eqs. (17)- (19) , combined with a k-ε model of turbulence.
The results are shown in Figures 6 and 7 . Both figures also include the predictions obtained by the earlier model of Kurul & Podowski (1991) (also, see (Podowski, 1992) ). It can be readily noticed that the present approach has led to a significant improvement of the accuracy of predictions. Interestingly, the wall temperature distributions calculated using the current model are similar to those obtained before using an earlier version of the model of subcooled boiling heat transfer. It is important to notice that according to both model predictions and experimental data, the heated wall is subject to complete boiling starting at approximately 2.3 m from the inlet in Figure 6 , and at 0.5 m from the inlet in Figure 7 .
SUMMARY AND CONCLUSIONS
Selects aspects of boiling heat transfer have been discussed and new mechanistic modeling concepts for both pool boiling and forced-convection boiling have been presented.
The new model of pool boiling has been validated against several sets of experimental data for water, showing very good agreement. The wall heat transfer model in forced-convection subcooled boiling has been compared against two independent high-pressure data sets, each corresponding to different operating conditions. Again, the predicted wall temperature agreed well with the measured values. Still, the current results should be viewed as an 
attempt to emphasize first-principle theoretical concepts rather than a comprehensive set of boiling models for a broad range of practical applications. Needless to say, further studies are still needed to validate the proposed models against a well-defined matrix of experimental data, and to update/expand specific modeling assumptions to capture the effect of bubble size, heated surface properties, nucleation frequency, etc. 
